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ABSTRACT 


Modem,  High  Frequency  (HF)  communication  techniques,  such  as  spread  spectrum 
and  frequency  hopping,  require  precise  signal  frequency  information.  The  predominant 
HF  propagation  path  is  via  the  ionosphere,  which  often  produces  Doppler  frequency  shift 
and  spread.  This  study  examined  the  frequency  spectra  of  selected  HF  signals  traversing 
short  and  long  mid-latitude  paths  and  one  high-latitude  auroral  zone  path.  Signal 
amplitude  and  Doppler  shifts  and  spreads  observed  show  diurnal,  carrier  frequency  and 
ionospheric  path  dependencies.  Higher  frequency  signals  experienced  more  Doppler 
shift,  especially  during  the  daytime.  Spectrum  spreading  was  more  pronounced  at  night 
and  was  affected  by  multiple  reflections,  the  auroral  oval  and  field-aligned  ionization. 
Additional  signal  observations  are  needed  to  cover  seasonal  variations,  disturbed 
ionospheric  conditions  and  solar  cycle  variations.  The  impact  of  Doppler  shift  and  spread 
on  wide-spectrum  HF  communications  also  needs  to  be  examined. 
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I.  INTRODLCTION 


Modem  communication  techniques,  such  as  spread  spectrum  and  frequency 
hopping,  require  precise  knowledge  of  the  frequency  spectrum  of  the  signals, 
lonospherically  propagated  High  Frequency  (HF)  signals  generally  experience  a  Doppler 
frequency  shift  and  spread  which  degrades  the  effectiveness  of  systems  that  require 
precise  signal  frequency  information.  The  main  factor  which  causes  Doppler  shift  is  the 
vertical  motion  of  the  ionospheric  layers  due  to  the  change  in  electron  density.  Also,  if 
anomalies  occur  during  the  reflection  of  the  wave  from  the  ionospheric  layers,  the  signals 
suffer  from  frequency  spread.  In  order  to  study  Doppler  shift  and  spread,  frequency 
measurements  were  taken  at  the  Naval  Postgraduate  School,  Monterey,  CA  duritig  the 
penod  05  April  1994-10  May  1994.  The  transmitting  stations  and  frequencies  monitored 
were  : 

♦  WWV,  Ft.  Collins,  CO  (5  MHz,  10  MHz,  and  15  MHz) 

♦  BBC  Relay  Station,  New  Brunswick,  Canada  (6,175  kHz) 

♦  BBC  Relay,  Ascension  Island,  South  Atlantic  Ocean  ( 1 5,260  kHz) 

♦  Naval  Station  NAF,  Cape  Wales,  AK  (16,804  kHz) 

After  that,  received  data  was  tabulated  and  plotted  for  each  particu’ir  frequency, 
showing  amplitude,  Doppler  shift  and  spread  variations.  An  attempt  was  then  made  to 
explain  the  data  variatic.is  from  ionospheric  theory,  considering  factors  such  as 
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frequency,  and  the  date  of  obscr\'ation  (which  identifies  the  ionospheric  condition). 
Charts  showing  the  auroral  o\'al  for  the  measurement  dates  along  with  the  signal  path 
were  also  employed  (see  Appendix).  The  auroral  oval  determines  areas  where  significant 
signal  disturbances  arc  expected  due  to  corresponding  ionospheric  anomalies.  Auroral 
oval  charts  were  obtained  using  the  ADVANCED  PROPHET  Program,  version  4.3. 

Data  for  this  effort  was  obtained  with  standard  laboratory  instruments  and 
equipment.  Specialized  receiving  and  data-processing  were  not  used.  This  rather 
simplistic  approach  for  Doppler  shift  and  spread  measurements  was  possible  because  of 
recent  advances  in  digital  instrumentation  and  stable  synthesized  receivers. 
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II.  THEORETICAL  BACKGROUND 

A.  THE  IONOSPHERE 

The  ionosphere  is  the  area  of  the  atmosphere  which  extends  from  about  50  km  out 
to  several  earth  radii  (the  mean  radius  of  earth  is  about  6371  km).  In  terms  of  effects  on 
radio  wave  propagation,  it  is  effective  only  out  to  about  500  km. 

The  ionosphere  is  divided  into  three  regions  (layers),  which  are  the  D,  E  and 
F-layers.  During  the  day,  the  F-layer  splits  into  the  F,  and  F,,  with  the  F,  being  the  higher 
and  denser  of  the  two.  as  seen  in  Figure  1. 


TO  Sun 


Figure  1.  Ionospheric  Regions  (Ref.  1). 


Typical  density  versus  altitude  values  arc  in  Figure  2.  From  these  two  figures,  the 
height  of  peak  density,  h,„,  for  daytime  can  be  seen  to  be  approximately  100  km  for  the 
E-layer,  while  the  peaks  of  F,  and  F,  arc  200  km  and  300  km  respectively  The  E  and 
F-layers  arc  reflective  layers,  whereas  the  D-layer  is  absorptive  and  attenuates  signals 
passing  through  it. 
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Figure  2.  Typical  Electron  Distribution  In  the  Ionosphere  (Ref.  2). 


If  a  plane  wave  is  vertically  incident  on  the  ionosphere  from  below,  it  will  interact 
with  the  ionized  layers  and  will  be  reflected  from  a  level  at  which  the  refractive  index  n= 
0,  In  general  it  is: 
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n  =  (i  -«;/‘vr. 


(1) 


where  I'l,  is  the  plasma  (resonance)  frequency  and  f  is  the  radiowave  frequency. 

The  plasma  frequency  is  defined  for  any  point  in  the  ionosplicrie  plasma  and  is 
proponional  to  the  square  root  of  the  electron  density. 

fp  =  9N;"\  (2) 

where  fp  is  in  Hz  and  N,  is  in  electrons/m\  For  a  typical  E-laycr  electron  density  of 
10".  f„-2.85  MHz. 

From  Equation  1,  the  reflection  of  the  plane  wave  occurs  at  the  point  where  the 
radio  frequency  matches  the  local  plasma  frequency.  If  the  layer  has  a  defined  peak  in 
electron  concentration  then  the  corresponding  plasma  frequency  profile  will  also 
have  a  maximum.  The  maximum  plasma  frequency  in  the  layer  (having  a  distinct  peak) 
is  called  the  critical  or  penetration  frequency  f^  (or  f„). 

1.  D-Layer 

The  ionization  of  the  D-layer  is  controlled  by  solar  radiation.  It  builds  up 
rapidly  at  sunrise,  reaches  a  maximum  near  noon,  quickly  diminishes  at  sun.set,  and 
finally  disappears  completely  at  night.  It  extends  from  about  50  km  to  90  km,  but  blends 
in  with  the  E-layer  at  the  upper  end.  with  no  discrete  boundary  between  them.  Because  of 
its  low  electron  density,  the  D-layer  absorbs  HF  radio  waves.  Typical  values  of  midday 
ionospheric  absorption  can  be  seen  in  Figure  3. 
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Figure  3.  Typical  Values  of  Midday  Ionospheric  Absorption  (Ref.  3). 


From  plasma  thcor>',  a  propagating  wave  loses  energy  during  plasma  interaction, 
This  occurs  in  the  D-laycr,  where  the  probability  of  collisions  increases  with  decreasing 
frequency.  This  frequency  dependence  leads  to  the  concept  of  a  "lowest  usable 
frequency"  or  LUF.  For  a  given  transmitter  power  and  antenna  gain,  the  lowest 
frequency  which  can  be  received  with  usable  signal  strength  is  defined  as  the  LUF  and 
will  be  dependent  upon  the  D-layer  characteristics. 

2.  E-laycr 

The  E-layer  extends  from  the  top  of  the  D-layer  to  the  bottom  of  the  F-layer  or 
from  approximately  90  -  130  km  and  peaks  sharply  at  about  100  km.  Like  the  D-laycr, 
the  E-layer  is  greatly  influenced  by  solar  radiation.  It  is  the  most  predictable  of  the 
ionospheric  layers. 
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Each  layer  has  its  own  critical  frequency.  To  describe  solar  control  over  layer 


formation,  the  solar  zenith  angle  x  will  be  defined.  This  is  the  angle  between  the  local 
normal  and  the  sun’s  position,  shown  in  Figure  4. 


Figure  4.  Solar  Zenith  Angle. 


From  the  solar  zenith  angle  an  approximation  for  the  E-layer  critical  frequency, 

f(,E,  is 

f^E  (MHz)  =  0.9[(1 80  +  1 .44R)cosx]^  (3) 

where  R  is  the  Wolf  of  Zurich  sunspot  number.'  This  equation  is  very  accurate  during  the 
daylight  portion  of  the  day,  During  the  night  the  E-layer  does  not  disappear  completely 
but  f^E  reaches  a  minimum  of  about  0.25  MHz  at  sunspot  minimum  and  0.5  MHz  at 
sunspot  maximum.  Typical  daily  noon  values  of  f„E  are  in  the  range  of  3-4  MHz.  The 

'  An  index  of  solar  activity,  the  Wolf  of  Zurich  sunspot  number  is  defined  as  follows: 

R=K(10q+S);  q  is  the  number  of  sunspot  groups;  S  is  the  number  of  individual  sunspots,  and  K  is  a 
correction  factor  which  depends  on  the  particular  observatory. 


7 


maximum  frequency  that  would  be  reflected  from  a  plasma  in  terms  of  the  critical 
frequency  and  the  incident  angle,  <[),  of  the  wave  is 

Cx  =  fcsec(t>.  (4) 

This  is  accurate  for  a  flat  earth  but  requires  a  minor  modification  for  a  curved 
earth  and  curved  ionosphere.  The  modification  is  a  correction  factor,  k,  which  varies 
from  1.0  to  1.2  for  most  cases  and  is  a  function  of  the  reflection  height  and  the  distance. 
A  factor  of  1 . 1  can  be  assumed  for  most  cases.  Equation  (4)  then  becomes 

fmax  =  kfcSec<l)  =1.1  f^SCClJ) .  (5 ) 

For  ionospheric  propagation,  this  f^„  or  maximum  frequency  takes  on  a  special 
name  which  is  the  "maximum  usable  frequency"  or  MUF,  Because  of  the  curvature  of 
the  earth  .  <•  .he  ionosphere,  at  the  lowest  launch  angle  of  0*  elevation  angle,  ^  will  be 
approximately  74' .  The  maximum  MUF  will  then  be 

MUF(max)  =  kf<,sec74°  =  3.6f^.  (6) 

If  the  noon  f„E  is  4  MHz,  the  highest  frequency  reflected  from  the  E-layer  or 
MUF  (E)  would  be  approximately  14  MHz. 

3.  F-Layer 

The  highest,  thickest,  and  densest  layer  is  the  F-layer.  Due  to  its  higher  density, 
its  critical  frequency  is  higher  than  that  of  the  E-layer.  It  extends  upwards  from  the 
E-layer  at  about  130  km.  During  the  daytime,  the  F-Iayer  normally  splits  into  the  F,  and 
the  F,  .  The  F,  is  lower  and  less  dense  than  the  F2,  and  like  the  D  and  E-layers,  is 
controlled  by  solar  activity  and  is  only  apparent  during  the  daytime.  It  .spans  from  the 


8 


E-layer  to  the  F,  layer  with  a  peak  normally  around  200  km.  Although  not  as  predictable 
as  the  E-layer,  its  critical  frequency  is  approximately 

f„F,(MHz)  =  (4.3  +  O.IR  Wx.  (7) 

The  most  important  layer  for  HF  communications  is  the  F,.  Its  daytime  peak 
height  of  about  of  about  300  km  permits  longer  transmission  distances.  Unfortunately,  it 
is  the  least  predictable.  Published  maps,  or  huge  data  bases,  which  are  both  derived  from 
historical  data,  are  normally  used  to  predict  the  f^F,.  The  F,  does  not  follow  direct  solar 
control  as  closely  as  the  other  layers.  It  does  not  disappear  at  night  but  does  decrease  in 
density. 

B.  DOPPLER  THEORY 

1.  Doppler  Fundamentals 

The  Doppler  effect,  first  noted  with  sound  waves,  is  the  difference  between  the 
transmitted  frequency  and  the  received  frequency,  caused  by  relative  motion  between  the 
transmitter  and  receiver.  Assume  a  sinusoidal  signal,  S(t),  of  constant  amplitude  and 
frequency,  transmitted  from  a  stationary  source  and  received  T  seconds  later.  The 
received  signal  is 

S(t-T)  =  Acos[27tf(t-T)] .  (8 ) 

If  the  delay  varies  as  a  function  of  time, 

T  =  g(t).  (9) 

and  thus 
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S(t-T)  =  Acos{27t)[lt-g(t)]}. 


(10) 


In  the  case  of  an  approaching  sound  source,  the  delay  is  a  function  of  the 
distance,  d,  and  the  velocity  of  the  signal  in  the  transmission  medium,  Vj,.  In  this  case,  Vp 
is  the  speed  of  sound.  The  delay,  g(t),  is  therefore 

g(t)  =  dA^p  =  d(t)/Vp,  (11) 

since  the  distance  varies  with  time.  The  distance  varies  as  a  function  of  the  speed  V,,  and 
is  therefore 


d(t)  =  -V^t.  (12) 

Finally, 

S(t-T)  =  Acos{27tf[t-g(t)]}  =  Acos[27tft(l+V^A^p)].  (13) 

The  change  in  frequency,  or  Doppler  shift  is 

fn  =  f(l+VAp)-f=f(V,/Vp).  (14) 

This  Doppler  equation  applies  to  electromagnetic  waves  as  well  as  sound  waves.  Vp 
becomes  the  sy  eed  of  light,  C,  and  f  usually  is  the  radiowave  frequency. 

2.  Ionospheric  Doppler 

If  the  ionospheric  layer  moves  in  the  vertical  direction  with  velocity  V^as  shown 
in  Figure  5,  then  equation  (14)  becomes 


(15) 

where  Vp  is  the  speed  of  light  and  tj)  is  the  angle  between  the  receiver  line-of-sight  to  the 
reflection  point  and  the  line  normal  to  that  point. 
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Figure  S.  Vertical  Ionospheric  Movement. 


F 


4 


Transmitter 


Movement  in  the  horizontal  direction  sets  up  a  horizontal  electron  density 
distribution.  Horizontal  distributions  are  called  "tilts",  and  the  major  consequence  of 
those  is  to  cause  "non-great  circle"  propagation. 

If  the  layer  descends,  as  shown  in  Figure  6,  the  virtual  height  descends  a 
proportional  amount  and  the  group  path,  P,  from  transmitter  to  receiver  becomes  shorter. 
The  Doppler  shift  is  thus  proportional  to  the  path  length  change. 


II 


EARm 


Figure  6.  Virtual  Height  Changes  with  Descending  Layer. 


Analogous  to  this  situation,  is  when  the  electron  density  beneath  the  layer 
increases,  lowering  the  reflection  height,  with  a  similar  decrease  in  the  group  path.  With 
respect  to  the  propagating  wave,  the  two  actions  are  indistinguishable,  and  a  Doppler  shift 
likewise  occurs  for  a  change  in  electron  density  of  the  layer. 
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III.  EXPERIMENTAL  PROCEDURE 


A.  GENERAL  SETUP 

In  order  to  observe  the  Doppler  shift  and  spread  of  various  HF  ionospherically 
propagated  signals,  measurements  were  taken  from  4/5/94  to  5/10/94  either  at  room  216 
of  Spanagel  Hall  or  at  Building  218  (Beach  site)  of  NPS.  In  both  cases,  the  experimental 
set  up  of  Figure  7  included  a  dipole  or  a  long-wire  antenna,  the  ICOM  IR-9000  Receiver, 
and  the  HP  3561 A  spectrum  analyzer. 

ANTENNA 


ICOM  IR-9000  __  HP  3561 A 

RECEIVER  SPECTRUM  ANALYZER 


Figure  7.  Experimental  Set-up. 


The  HP  3561 A  is  a  single-channel,  Fast-Fourier  Transform  (FFT)  signal  analyzer 
covering  0  to  100  kHz.  In  order  to  observe  the  carrier  frequency  of  a  received  signal,  the 
beat  frequency  oscillator  (BFO)  of  the  receiver  was  tuned  1-kHz  below  the  actual  carrier 
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frequency.  This  translates  the  carrier  frequency  downward  into  a  1-5  Hz  audio  tone.  The 
precise  frequency  of  the  audio  tone  was  then  measured  by  the  HP  356A  Analyzer. 


B.  STATION  LIST 

The  stations  monitored  for  frequency  spectrum  measurements  were  WWV-CO, 
BBC-Relay  Canada,  BBC  Relay-Ascension  Island,  and  Cape  Wales  Naval  Station-AK. 
The  characteristics  of  the  above  stations  are  shown  in  Table  1.  Figure  8  also  shows  the 
location  of  these  stations  on  a  great  circle  map  centered  on  Monterey. 


TABLE  I.  CHARACTERISTICS  OF  THE  TRANSMITTING  STATIONS 


STATION 

LOCATION 

FREQUENCY 

POWER 

TYPE  OF 
ANTENNA 

WWV 

Ft.  Collins,  CO. 
USA 

5  MHz 

10  MHz 

15  MHz 

10  kW 

Center  Fed 
Half 

Wavelength 

Vertical 

BBC  Relay 

Sackville, 

Canada 

South  Atlantic 
Ocean 

Ascension  Isl. 

6175  kHz 

15260  kHz 

250  kW 

250  kW 

Curtain 

Antenna 

Cape  Wales 
Naval  Station 
(NAF) 

Cape  Wales, 
AK 

16,804  kHz 

100  W 

Dipole 

Antenna 
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IV.  EXPERIMENTAL  RESULTS 


A.  14,999  kHz  WWV  OBSERVATIONS 

A  set  of  typical  frequency  spectrum  observations  from  WWV  at  14,999  kHz,  shown 
in  the  following  figures,  show  amplitude,  shift,  and  spread  of  the  signal.  Frequency  shift 
from  left  to  right  is  termed  a  "positive"  shift,  while  movement  from  right  to  left  is 
"negative,"  For  the  signal  spread,  a  6  dB  bandwidth  was  observed  and  called  the  "6  dB 
spread."  Figure  9  covers  the  period  from  0631  to  1257  hours  on  5/1/94.  A  second 
spectral  component  appears  slightly  higher  in  the  frequency  than  the  primary  component. 
This  component  is  from  a  second  path  using  a  different  reflection  point  than  the  primary 
component.  There  is  also  a  significant  shift  of  this  component  from  left  to  right  as  the 
day  progresses.  This  is  due  to  the  downward  movement  of  the  ionospheric  region,  caused 
by  an  increase  in  the  electron  density.  At  0748  and  1257  hours,  more  than  one  spike 
appears.  This  is  because,  in  some  cases,  the  wave  is  split  into  multiple  paths  while 
reflecting  off  ionospheric  layers.  Figure  10  shows  the  signal  strength  typically  peaking 
around  noon,  while  the  frequency  shift  is  still  in  progress.  At  1219  hours,  two  spectral 
components  again  appear. 
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063 


From  1207  to  lfr49  on  4/28  the  signal  amplitude  experiences  an  attenuation  of 


approximately  20  dB  as  is  shown  at  Figure  1 1.  The  total  frequency  shift  is  about  1.5  Hz; 
at  1649  hours,  a  6  dB  spread  of  about  2.0  Hz  occurs. 
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Figure  11.  WWV  Observations  at  14,999  kHz  on  29  April  1994. 
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A.s  is  sliown  in  figure  12,  from  1721  hours  on  4'2S  to  0249  hours  on  4.29  the 
signal  amplitude  decreases  by  14  dB.  starting  at  a  value  of  about  -5b  dB\'  at  1721  hours. 
At  1929  hours,  the  signal  reaches  a  peak  value  of  -17  dBV.  At  2005  hours,  two 
additional  spectrum  eomponeiVis  appear  to  the  right  of  the  carrier.  As  time  progresses,  the 
signal  becomes  weaker,  while  the  total  frequency  shift  is  negligible.  The  maximum  value 
of  6  dB  spread  is  about  3.3  Hz,  at  195b  hours,  while  the  minimum  value  is  about  1.0  Hz. 
at  1 929  hours. 
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maximum  value  is  -62  dBV  at  0525  hours.  The  maximum  6  dB  spread  was  obtained  at 
0623  hours,  and  was  about  1.7  Hz.  The  minimum  spread,  obtained  at  0434,  was  about 
0.7  Hz.  The  total  frequency  shift  observed  was  negative  4  Hz. 


Figure  13.  WWV  Observations  at  14,999  kHz  on  29  April  1994. 
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Table  II  contains  observed  data  for  4/28-29,  while  Figures  14,  15.  and  16  show 


amplitude,  Doppler  shift,  and  spread  variation  versus  time.  The  data  demonstates  that: 

♦  The  signal  amplitude  is  high  during  the  daytime,  reaching  values  as  high  as  -34 
dBV  around  noon.  At  night,  the  signal  is  much  weaker,  reaching  values  as  low  as 
-80  dBV. 

♦  The  signal  shifts  significantly  in  the  positive  direction  during  the  daytime,  while  at 
night  the  shift  is  less. 

♦  The  frequency  spectrum  is  narrow  during  the  day,  spreading  more  in  the  evening. 
During  the  night,  the  spread  does  not  change  significantly,  maintaining  an  average 
value  of  1 .5  Hz. 
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TABLE  II.  DATA  RECEIVED  FROM  WWV  (14.999  kHz)  ON  28-29  APRIL  1994 


Time 

Amplitude  (dBV) 

Doppler  Shift  (Hz) 

6  dB  Doppler  Spread  (Hz) 

1207 

-34 

Reference 

0.7 

1243 

-50 

0.3 

1.5 

1322 

-42 

0.6 

0.7 

1404 

-52 

0.9 

0.5 

1435 

-33 

1.0 

0.7 

■ESI 

-30 

1.2 

0.8 

-46 

1.8 

0.9 

1649 

-55 

1.6 

1.0 

1721 

-56 

1.6 

1929 

-17 

1.3 

0.6 

1956 

-40 

0.8 

3.0 

2005 

•31 

1.0 

1.8 

2120 

-39 

0.9 

2.2 

0015 

-79 

1.0 

2.0 

0223 

•78 

1.5 

1.3 

0249 

-70 

1.4 

1.0 

0323 

-78 

1.3 

1.5 

0434 

-71 

1.0 

0.8 

0517 

-72 

1.1 

1.5 

-62 

1.0 

1.2 

-81 

1.1 

1.4 

0623 

-71 

1.3 

1.7 

0652 

-70 

0.9 

2.0 
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Figure  16.  Doppler  Spread  vs  Time  Plot  from  WWV  (14,999  kHz)  on  28*29  April  1994. 


B.  9,999  kHz  WWV  OBSERVATIONS 

The  next  set  of  observations  from  WWV,  CO  was  at  9,999  kHz.  Figure  1 7  shows 
measurements  made  at  about  sunrise  on  5/1.  The  figure  shows  a  primary  spectral 
component  that  grows  as  time  progresses,  similar  to  the  obseived  behavior  at  14,999  kHz. 
Over  the  period,  the  signal  amplitude  experiences  an  increase  of  about  1 6  dB  while  the 
total  frequency  shift  is  positive,  with  a  value  of  about  0.8  Hz.  Also,  the  average  6  dB 
spread  is  approximately  3.5  Hz. 
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The  data  obtained  from  1216  to  1947  hours  on  4/30,  is  presented  in  Figure  19.  The 
signal  amplitude  is  almost  constant  throughout  the  period,  with  an  average  value  of  about 
-19  dBV.  The  total  frequency  shift  is  10  Hz.  From  1533  to  1851  hours,  additional 
spectral  components  appear  around  the  carrier.  The  sources  of  these  components  is  not 
known;  however,  they  do  not  appear  to  be  from  ionospheric  effects.  The  spread  of  the 
signal  does  not  vary  significantly  and  has  an  average  value  of  2.0  Hz. 
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Figure  19.  WWV  Observations  at  9,999  kHz  on  30  April  1994. 


Figure  20  shows  the  spectra  obtained  from  1209  to  1651  hours  on  4/28.  The  signal 


amplitude  varies  slightly,  with  an  average  value  of  -40  dBV,  while  the  total  amount  of  the 
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Figure  21  illustrates  the  spectra  for  the  period  from  1715  hours  on  4/28  to  0220 
liours  on  4/29.  Over  the  period,  the  signal  amplitude  experiences  a  total  attenuation  of  20 
dB.  The  total  frequency  shift  is  negative  0.5  Hz.  The  signal  becomes  more  spread  after 
midnight,  with  an  average  6  dB  value  of  2.2  Hz. 
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Figure  21.  WWV  Observations  at  S,999  kHz  on  28-29  April  1994. 


In  Figure  22  for  0245  lo  0650  hours  on  4/29,  the  signal  amplitude  increases  about 
30  dB,  while  the  frequency  shift  is  negative  at  about  0.7  Hz.  The  signal  spread  decreases 
as  time  progresses,  starting  at  4.0  Hz  and  ending  at  1.2  Hz. 
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Figure  22.  WWV  Observations  at  9,999  kHz  on  29  April  1994. 
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Table  III  .sununarizes  the  measured  data  for  4/2H-29.  Figures  23.  24,  and  25  show 
amplitude,  shift,  and  spread  variation  versus  time.  In  summary; 

♦  The  signal  amplitude  is  -48  dBV  around  noon.  At  night,  the  signal  is  weaker,  but 
levels  arc  generally  higher  than  those  for  14,999  kHz. 

♦  The  signal  frequency  shifts  in  a  positive  direction  during  the  daylime,  while  by  late 
afternoon,  it  starts  shifting  in  a  negative  direction,  until  the  next  sunrise. 

♦  The  signal  spectrum  is  more  spread  during  the  nighttime,  narrowing  after  suirrise. 


34 


35 


Figure  24.  Doppler  Shift  vs  Time  Plot  from  WWV  (9,999  kHz)  on  28-29  April  1994. 
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Figure  25.  Doppler  Spread  vs  Time  Piot  from  WWV  (9,999  kHz)  on  28-29  April  1994. 


C.  4,999  kHz  WWV  OBSERVATIONS. 


A  set  of  observations  of  WWV  at  4,999  kHz  from  1115  to  1543,  on  5/4,  shown  in 
Figure  26,  The  signal  strength  during  the  day  is  much  weaker  than  that  at  10  and  15 
MHz.  This  is  because  the  lower  frequencies  are  attenuated  more  in  the  daytime  by  the 
D-layer.  The  Doppler  spread  does  not  change  as  much  or  as  rapidly  for  this  lower 
frequency.  No  significant  Doppler  shift  is  observed  and  the  signal  amplitude  maintains 
an  average  value  of  -60  dBV. 
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Figure  26.  WWV  Observations  at  4,999  kHz  on  4  May  1994. 

Figure  27  illustrates  the  frequency  spectra  from  1229  to  1946  hours  on  4/30.  There 
is  a  clear  increase  in  the  strength  and  spread  of  the  signal  after  sunset,  as  the  D-layer 
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disappears.  The  amplitude  increases  about  30  dB,  but  no  significant  Doppler  shift  is 
observed.  The  6  dB  spread,  starting  with  a  value  of  0.2  Hz  at  1 229  hours,  reaches  a  peak 
value  of  3.5  Hz  at  1946. 
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Figure  27.  WWV  Observations  at  4,999  kHz  on  30  April  1994. 
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Between  0608  and  1206  hours  on  5/1  (Figure  28),  the  signal  amplitude  decreases 
after  sunrise,  as  the  D-layer  forms.  Throughout  the  daylight  period,  the  signal  drops  by 
40  dB.  with  a  positive  Doppler  shift  after  sunrise. 
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Figure  28.  WWV  Observations  at  4,999  kHz  on  1  May  1994. 
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Tables  IV  and  V  summarize  the  data  of  4/30  and  5/1  and  plots  of  amplitude, 
Doppler  shift,  and  spread  variation  over  the  period  are  in  Figures  29-34,  Conclusions 
derived  from  the  above  observations  are: 

♦  The  signal  amplitude  drops  to  -40  dBV  during  the  daytime,  due  to  the  existence  of 
the  D-layer.  At  night,  it  increases  significantly,  peaking  at  -20  dBV. 

♦  The  signal  shift  is  much  less  at  5  MHz  than  it  is  at  10  and  15  MHz.  While  the 
signal  is  stable  over  most  of  the  period,  there  is  a  shift  between  sunrise  and  noon  of 
about  1.0  Hz. 

♦  The  frequency  spectrum  spreads  around  sunset,  with  6  dB  average  values  of  about 
5.0  Hz.  After  sunrise,  the  shift  is  less. 


TABLE  IV.  DATA  RECEIVED  FROM  WWV  (4,999  kHz)  ON  30  APRIL  1994. 

Time 

Amplitude  (dBV) 

Doppler  Shift  (Hz) 

_  _ 

Doppler  Spread  (Hz) 
at  6  dB  Amplitude 

1229 

-50 

Reference 

0.2 

-49 

0.7 

0.9 

1834 

-27 

0.4 

2.0 

1850 

-21 

0.2 

2.0 

1933 

'23 

0.2 

3.3 

1946 

-22 

3,8 
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Figure  29.  Amplitude  vs  Time  Plot  from  WWV  (4,999  kHz)  on  30  April  1994. 
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Figure  30.  Doppler  Shift  ve  Time  Plot  from  WWV  (4,999  kHz)  on  30  April  1994. 


Figure  31.  Doppler  Spread  vs  Time  Plot  from  WWV  (4,999  kHz)  on  30  April  1994. 
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Figure  34.  Doppler  Spread  vs  Time  Plot  from  WWV  (4,999  kHz)  on  1  May  1994. 


D.  6,1 75  kHz  BBC  RELAY  (CANADA)  OBSERVATIONS 

The  next  observations  cover  typical  frequency  spectra  obtained  from  the  BBC 
Relay  Canada  broadcasting  at  a  frequency  of  6, 1 75  kHz,  over  a  much  longer  path  than  for 
the  WWV  signals. 

The  above  stations  transmit  daily  from  1600  to  2030  (Pacific  Time).  Figure  35 
covers  the  time  period  from  1706  to  2000  on  4/28.  At  1706  the  signal  amplitude  is 
minimum  (-65  dBV)  and  reaches  a  maximum  value  of  -25  dBV  at  1934.  At  1934  and 
2000  the  signal  i.s  more  spread  with  a  6  dB  value  of  approximately  6.5  Hz,  with  some 
additional  spectral  components  appearing.  Doppler  shift  is  negligible  throughout  the 
period.  Table  VI  summarizes  data  from  the  above  observations,  while  Figures  36  and  37 
illustrate  variations  in  amplitude  and  spread. 
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TABLE  VI.  DATA  RECEIVED  FROM  BBC  RELAY  (6,175  kHz) 
_ _  ON  28  APRIL  1994. _ 

Time  Amplitude  (dBV)  Doppler  Spread  (Hz) 

at  6  dB  Amplitude 


1706 

-66 

2.0 

1718 

-62 

2.1 

1934 

-25 

6.0 

2000 

o 

1 

L _ _ 

6.8 

Figure  36.  Amplitude  vs  Time  Plot  from  BBC  Relay  (6,175  kHz)  on  28-29  April  1994. 
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Figure  37.  Doppler  Spread  vs  Time  Plot  from  BBC  Relay  (6,175  kHz)  on  28-29  April  1994. 


E.  15,260  kHz  BBC  RELAY  (ASCENSION  ISLAND)  OBSERVATIONS 

A  signal  from  the  BBC  Relay,  Ascension  Island  was  monitored  from  1.119  to  1929 
on  4/22.  This  relay  transmits  from  noon  until  evening,  but  not  at  night.  As  observed  in 
the  Figure  38.  the  signal  experiences  a  total  shift  of  about  0.8  Hz.  The  amplitude 
increases  to  -38  dBV  at  1 856  hours  when  the  maximum  6  dB  spread  of  4.0  Hz  occurs. 

Table  Vll  contains  data  for  the  above  observations.  Signal  amplitude,  shift,  and 
spread  variations  are  illustrated  in  Figures  39,  40,  and  41,  and  are  summarized  as; 

♦  The  total  variation  in  signal  amplitude  is  approximately  30  dB. 

♦  The  spectrum  spreads  most  in  the  afternoon,  with  an  average  6  dB  value  of  3.5  Hz. 

♦  A  total  frequency  shift  of  about  +0.8  Hz  is  present. 


I  TABLE  VII.  DATA  RECEIVED  FROM  BBC  RELAY  (15,260  kHz)  ON  22  APRIL  1994. 


Time 

Amplitude  (dBV) 

Doppler  Shift  (Hz) 

Doppler  Spread  (Hz) 
at  6  dB  Amplitude 

1319 

-66 

0 

1.2 

i  g 

iC 

Ic 

CO 


0.8 

0.6 

0.4 

0.2 

0 


1-0.2 


-0.4 


-0.6 


1319  1335  1482  1753  1805  1826  1856  1929 
Time 


Figure  40.  Doppler  Shift  vs  Time  Plot  from  BBC  Relay  (15,260  kHz)  on  22  April  1994. 


Figure  41.  Doppler  Spread  vs  Time  Plot  from  BBC  Relay  (15,260  kHz)  on  22  April  1994. 
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F.  1 6,804  kHz  CAPE  WALES,  AK  (NAF)  OBSERVATIONS 

Figure  42  illustrates  a  typical  example  of  Doppler  spread  on  a  signal  transmitted 
from  the  Cape  Wales,  AK  Naval  Station.  The  signal  was  received  at  Fairbanks,  AK  on 
4/28  and  recorded  with  a  precision  digital  recorder.  The  digitally  recorded  data  was 
replayed  into  the  HP  3561 A  spectrum  analyzer  and  examined  in  a  manner  similar  to  all 
other  data. 

While  the  signal  amplitude  did  not  vary  significantly  from  view  to  view,  the 
Doppler  spread  changed  significantly  over  very  brief  intervals  of  only  a  few  seconds  or 
less.  The  6  dB  Doppler  spread  values  were  as  high  as  40  Hz.  This  is  because  the  signal 
propagation  path  passed  through  the  disturbed  ionosphere  associated  with  the  auroral 
oval,  as  shown  in  Figure  43  of  the  Appendix. 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 

A.  CONCLUSIONS 

In  this  study  the  amplitude,  frequency  shift,  and  spread  variation  for  the  signals  of 
WWV  CO  (at  5,  10,  and  15  MHz),  BBC  Relay  Canada.  BBC  Relay  Ascension  Island  (at 
15,260  kHz),  and  Cape  Wales,  AK  (at  16,804  kHz)  have  been  examined.  The  signals 
were  observed  at  the  Naval  Postgraduate  School  and  in  Fairbanks,  AK  from  4/5  to  5/10. 
Figures  44  and  45  show  the  location  of  the  auroral  oval  when  the  data  was  obtained. 

1.  Signal  Amplitude 

During  the  daytime,  the  lower-frequency  signals  experience  a  significant 
amplitude  attenuation  compared  to  those  at  higher  frequencies.  The  daytime  D-layer 
absorption  is  the  cause.  During  the  night,  lower  frequency  signals  increasing  amplitude 
due  to  the  disappearance  of  the  D-layer,  while  the  amplitude  of  higher  frequency  signals 
decreases  due  to  the  decreased  (nighttime)  density  of  the  F-!ayer.  For  instance,  a  typical 
amplitude  value  for  a  WWV  signal  transmitted  at  a  frequency  of  14,999  kHz  is  around 
-30  dBV  at  around  noon,  while  a  4,999  kHz  frequency  signal  has  an  amplitude  of  about 
-55  dBV  at  the  same  time.  (The  effective  radiated  power  for  WWV  at  the  three 

I 

I 

frequencies  is  the  same).  A  typical  amplitude  value  observed  at  around  0600  hours 
(before  sunrise)  is  -25  dBV  for  a  signal  transmitted  at  4,999  kHz,  and  -75  dBV  for  a 
signal  transmitted  at  14,999  kHz. 


54 


2.  Frequency  Shift 

Higher  frequency  signals  from  WWV  experience  a  more  significant  Doppler 
shift  than  the  lower  frequency  ones.  This  is  because,  as  equation  (14)  states,  the  amount 
of  Doppler  shift  is  proportional  to  the  transmitting  signal  frequency. 

The  shift  observed  from  BBC  relay  signals  was  less  than  that  of  WWV.  The 
reasons  are: 

♦  Signals  traveling  through  mid-latitude  propagation  paths  are  reflected  from 
relatively  stable  ionosphere  layers  and  do  not  usually  experience  significant 
frequency  shift;  and 

♦  Multiple  reflections  may  reduce  the  total  amount  of  frequency  shift,  because 
individual  layers  may  move  with  different  velocity  and  direction. 

3,  Frequency  Spread 

The  Cape  Wales  to  Fairbanks,  AK  signal  shows  the  most  spread,  because  the 
propagation  path  passed  through  the  auroral  oval  as  shown  in  Figure  43  (Appendix).  This 
signal  was  affected  by  ionospheric  polar  region  anomalies.  The  signals  coming  from 
WWV  did  not  experience  any  significant  spread  during  the  daytime.  The  reasons  are: 

♦  The  ionosphere  is  more  stable  during  the  daytime  than  at  night; 

♦  On  the  particular  dates  of  observation  the  ionosphere  was  quiet; 

♦  The  path  distance  between  Monterey,  CA  and  Boulder,  CO  is  only  a  one  hop  path; 

♦  Because  this  path  experiences  no  mid-point  ground  reflection  and  only  a  single 
reflection  from  the  ionosphere,  little  spreading  occurs;  and. 
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♦  During  the  nighttime  the  signals  from  WWV  were  more  spread  because  the 
ionosphere  is  usually  more  unstable  at  night. 

Signals  from  BBC  Relays  appear  to  be  more  spread  than  those  of  WWV.  The 
reasons  are: 

♦  Due  to  the  longer  distances  traveled,  the  wave  experiences  more  than  one 
ionospheric  reflection,  producing  more  disturbances  in  the  signal. 

♦  Field-aligned  ionization,  as  found  in  the  polar  regions,  can  support  non-great-circle 
propagation  on  paths  such  as  the  Sackville  to  Monterey  path.  The  field-aligned 
ionization  is  significant  during  ionospheric  storms,  but  it  still  exists  to  some  extent 
during  quiet  times.  Field-aligned  ionization  changes  rapidly  with  time  and  causes 
severe  Doppler  effects  during  ionospheric  storms  and  mild  Doppler  effects  during 
quiet  times. 

B.  RECOMMENDATIONS 

Recommendations  for  further  research  are; 

♦  Repeat  the  experiments  over  a  longer  period  of  time,  so  that  seasonal  variations  in 
the  signals'  frequency  spectra  can  be  obser\'ed;  and 

♦  Repeat  the  experiments  during  disturbed  ionospheric  conditions  so  that  the  received 
data  can  be  compared  to  those  obtained  in  this  thesis,  when  the  ionosphere  was 
relatively  quiet  (maximum  value  of  K^,  was  4). 
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APPENDIX:  AURORAL  OVAL  POSITION  PLOTS 


This  Appendix  contains  Figure  43,  44,  and  45,  showing  the  auroral  oval  position  on 
4/8  at  1000  (UT)  hours,  4/29  at  1100  (UT)  hours,  and  4/29  at  0300  (UT)  hours.  Plots 
were  obtained  using  ADVANCED  PROPHET  program,  version  4.3. 
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AURORAL  OVAL  POSITION 


Figure  43.  Map  Showing  the  Auroral  Oval  Position  on  4/8  1000  (UT)  and  the  Propagation 
Path  from  Cape  Wales,  AK  to  Fairbanks,  AK. 
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Figure  44.  Map  Showing  the  Auroral  Oval  Position  on  4/29  1100  (UT)  and  Propagation 
Path  from  Monterey,  CA  to  Sackville,  Canada. 
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Figure  45.  Map  Showing  the  Auroral  Oval  Position  on  4/29  0300  (UT)  and  Propagation 
Path  from  Monterey,  CA  to  Sackville,  Canada. 
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